The role of an external force on chemical equilibria is an important subject in mechanobiochemistry. The effect of an electromagnetophoretic force for the stretching of cysteamine molecules was examined by using SERS spectrometry. Polystyrene particles modified with cysteamine were bound to silver nanoparticles adsorbed on the wall of a silica capillary cell. Under a constant magnetic field, when an electric current was applied to the conductive medium in the capillary, the shift of SERS bands and the increase of the trans/gauche ratio of cysteamine were observed, suggesting a molecular conformation change of cysteamine due to the stretching force.
Introduction
The effect of an external force on the molecular conformation and chemical kinetics is thought to be fundamentally important in studying mechanobiochemistry in the real nature. [1] [2] [3] However, direct evidence that can prove the effect of an external force on the chemical equilibrium and chemical reaction is still limited. Recently, we have reported that a magnetophoretic force and an electromagnetophoretic force can be used to stretch the chemical bonding and that, in some systems, a bond breaking is observed as a function of the pulling force. Yeast cells were pulled by an electromagnetophoretic force in an electrolyte solution, and the dissociation kinetics of yeast-concanavarin A bonds was analyzed. 4 Magnetic beads were used to stretch the cysteamine molecules that were bound to the Ag nanoparticles adsorbed on a glass surface and the change in the conformation of the molecule was detected by surfaced-enhanced Raman-scattering (SERS) spectroscopy. 5 In the present study, polystyrene particles modified with cysteamine molecules were bound to Ag nanoparticles adsorbed on a silica capillary wall, and the SERS spectra of cysteamine were investigated by applying a pulling force on single particles generated by the electromagnetophoretic buoyancy.
The electromagnetophoretic force, FEMP, on a particle in an electrolyte solution is produced by the Lorentz forces to both of the particle and the medium. Electromagnetophoresis is a phenomenon in which particles in an electrolyte solution migrate to a direction perpendicular to both the magnetic field and the electric current, when the electric current, actually an ionic current, is flowed in the solution under the application of a magnetic field perpendicular to the current. The electromagnetophoretic force working on the particle in the solution is represented by 6 
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where J is the electric current density, B is the magnetic flux density, V is the volume of a particle, σp is the electrical conductivity of the particle, and σf is the electrical conductivity of the medium. The direction of the force is determined by the difference of the electrical conductivities between the particle and the medium, and the direction of the current. That is, the electromagnetophoretic force, FEMP, is the sum of the electromagnetic weight, FEMW, which is the Lorentz force directly generated in the particle and the electromagnetic buoyancy, FEMB, which is the indirect force on the particle generated by the Lorentz force to the medium. In the present study, the force working on the particle bound to the wall of a capillary was controlled by the magnitude of the current under a constant magnetic field. Figure 1 shows a schematic drawing of the present sample system under the application of an electromagnetophoretic stretching force, where the mixed solution of potassium ferrocyanide and potassium ferricyanide is used as an electrochemically reversible electrolyte solution.
Experimental
Chemicals Cysteamine (Sigma-Aldrich), potassium ferrocyanide (Wako), potassium ferricyanide (Wako), N-hydroxysuccinimide (NHS, Sigma-Aldrich), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC, Sigma-Aldrich), silver nitrate (Wako), and sodium citrate (Sigma-Aldrich) were all reagent grade and used as purchased. Carboxylated polystyrene (PS) particles with 10 μm diameter dispersed in water (Polyscience, polybead bound by cysteamine and pulled by the electromagnetophoretic force. A silica capillary with 100 μm inner diameter (GL Science) was used as an optical capillary cell. 3-Aminopropyltrimethoxysilane (Sigma-Aldrich) was used for amination of the capillary wall. Other chemicals were all of reagent grade. Water was purified by a Milli-Q system (Merck Millipore).
Preparation of PS particle bound by cysteamine
Cysteamine modified PS beads were prepared by the following procedure: Carboxylated PS particles with 10 μm diameter was filtered once with a membrane filter and washed by Milli-Q water. The particles were re-dispersed in a 0.1 M NHS and 0.1 M EDAC mixed solution and shaken for 30 min. Then, the particles were separated and dispersed in a 20 mM cysteamine solution and shaken for 2 h. Finally, the particles were filtered and washed with Milli-Q water.
Modification of capillary wall with silver nanoparticles
An aqueous dispersion of silver nanoparticles was prepared by the reduction of silver nitrate by sodium citrate, according to the literature. [7] [8] [9] In a 100-mL round-bottom flask, 50 mL of a 1.0 mM silver nitrate aqueous solution was heated to the boiling point under vigorous stirring. Immediately, 1 mL of a 35 mM sodium citrate aqueous solution was added. The mixed solution was refluxed for 90 min under vigorous stirring and cooled to room temperature. This sol was centrifuged twice to remove large particles, and then the supernatant was stored in a refrigerator covered with a light shield. The number density of the original sol was estimated to be 10 14 particles/L from the plasmon absorption peak at 415.5 nm, which suggested the formation of 30 -80 nm Ag nanoparticles. 10 In all experiments, the original silver sol was diluted ten times with water just before the experiment and used immediately. The diluted sol gave an absorbance of 0.72 at 401 nm. The silver sol, which was stored at room temperature and exposed to air, had no SERS activity. This suggests that the oxidation of the nanoparticle surfaces by air seriously diminishes the SERS activity.
Modification of the capillary wall was done in two steps: amination of the wall and the electrostatic adsorption of the Ag nanoparticles on the wall. The amination of the inside wall of capillary was done by the following procedure: a silica capillary was cut to 13 cm long and a 1 M NaOH solution was flowed at the rate of 200 μm/h for 1 h to complete the silanolization of the capillary inside wall. The capillary was washed with Milli-Q water. A solution of 1%(v/v) 3-aminopropyltrimethoxysilane in methanol was flowed into the capillary at 200 μL/h for 1 h. The capillary was washed with methanol. A calcination treatment of the capillary was run at 120 C for 30 min. Finally, the capillary was washed with Milli-Q water. Into the aminated capillary, 1 mM Ag nanoparticle solution was flowed at a rate of 200 μL/h for 2 h. Then, the capillary was left in the Ag nanoparticle solution for 24 h. Figure 2 (left) shows a block diagram of the instrument used to examine the effect of the electromagnetophoretic force on the SERS spectra of cysteamine, which included an electromagnetophoretic capillary cell, a function generator, a digital multimeter, an Ar + laser (514.5 nm) and a Raman microscope spectrometer (Photon Design). The details of the cell are shown in Fig. 2 (right) . A current was applied from a direct-current power supply. The direct current was monitored by a digital multimeter. A Raman microscope system was used for measurements of the SERS spectra of cysteamine. An Ar + laser (514.5 nm, Spectra-physics, Stabilite 2017) was focused on a single polystyrene particle adsorbed at the Ag nanoparticletreated capillary wall. The scattered light was collected with an objective lens (45×, NA 0.55) from a direction perpendicular to the flow axis of the capillary cell.
Measurement of SERS spectra
The sample solution involved the dispersion of cysteamine modified polystyrene particles with a diameter of 10 μm in a 0.1 M potassium ferrocyanide and 0.1 M potassium ferricyanide solution. Before a measurement, it was sonicated for 15 min to obtain a homogeneous dispersion. The sample solution was introduced into the acrylic cylinder and the capillary cell set in a specially designed magnetic circuit (4 × 3 × 5 cm, 0.4 mm gap of the pole pieces, 2.87 T) with a 500-μL micro-syringe. When the sample solution filled the capillary cell, a cock between the syringe and the PEEK tube was closed. At first, the floating cysteamine modified polystyrene particles were Fig. 1 Schematic drawing of the SERS measurement of cysteamine bound to polystyrene (PS) particle and silver nanoparticles under the application of an electromagnetophoretic pulling force that is generated by an electric current, i, and a magnetic field, B, to the medium. moved to the objective-lens side of the capillary by electromagnetophoresis by applying an electric current through the platinum electrodes, which made the particles to be adsorbed to Ag nanoparticles on the capillary wall. Then, under no electric current, a single particle was irradiated with the Ar + laser, and the SERS spectrum from the cysteamine on the particles was measured. Next, under an electric current, an electromagneto phoretic force was applied in order to pull the polystyrene particle from capillary wall, and the SERS spectrum of cysteamine was observed. Finally, the change of the SERS spectra in both the absence and presence of the pulling force was examined. When the electric current was increased to 680 μA, the pulling force working for the particle was calculated to be 97 pN from Eq. (1), assuming that the conductivity of the polystyrene particle is negligible. Figure 3 shows the observed SERS spectra from a single PS particle in both the absence and presence of a pulling force of 81 pN. As shown in this figure, the SERS spectra from a single particle had clear bands assignable to the stretching modes of ν(C-S) for the trans and gauche forms, indicating that the sulfur atom of cysteamine is binding to the Ag nanoparticle and the C-S bond vibration was enhanced by the nanoparticles. These bands were not observed for the SERS spectra of the PS particles without cysteamine. When a pulling force of 81 pN was applied to the particle, the stretching mode of ν(C-S)Trans at 700 cm -1 was slightly shifted to a high wavenumber of 705 cm -1 , and ν(N-H)Wagging at 817 cm -1 disappeared; however, the stretching mode of ν(C-S)Gauche at 632 cm -1 and polystyrene band at 621 cm -1 remained unchanged. The oscillation modes of 1002 and 1032 cm -1 due to polystyrene did not change, but the other peaks of the SERS spectrum originated from the surface cysteamine molecule on the particle were shifted to a higher wavenumber region by applying the pulling force on the particle, though the change in the Raman shift was as small as 3 -5 cm -1 . By the application of 97 pN, the same results were observed. From the intensities of the bands of ν(C-S)Gauche and ν(C-S)Trans, the effect of the force on the trans-gauche equilibrium can be estimated. The ratio of the intensities was obtained from the ratio of the integrated area of 5 cm -1 width around the highest intensity peaks of the ν(C-S)Gauche and ν(C-S)Trans bands. The ratio of trans/gauche in the absence of the force was 1.51. When a pulling force of 81 pN was applied, the ratio was increased from 1.51 to 1.79, indicating about a 4% increase in the percentage of the trans form. By applying a force of 81 pN on the bead, the molecular state of cysteamine was little but definitely changed from the gauche form to the trans form, which is about 0.8 Å longer than the gauche form. It can be concluded from the present study that the electromagnetophoretic force can be used to shift the chemical equilibrium of cysteamine, which was previously observed by applying a magnetophoretic pulling force through the magnetic beads to cysteamine molecules. 11 It can be said for the advantage of an electromagnetophoretic force over a magnetophoretic force that the force can be applied to any types of particles in conductive solutions. Further application of an electromagnetophoretic force to various molecules, especially biomolecules, is desired to develop its potential as a novel characterization method in the study of mechanobiochemistry. Fig. 3 SERS spectra of cysteamine between a polystyrene particle and silver nanoparticles, (A) lower wavenumber region and (B) higher wavenumber region. The application of pulling force of 81 pN by the electromagnetic buoyancy affected the Raman shift and the trans/ gauche intensity ratio. The main peaks were smoothed by using Origin software, as shown by the red color.
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